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Abstract 

The specific role of hemocyanin in Plecoptera (stoneflies) is still not completely understood, 
since none of the hypotheses advanced have proven fully convincing. Previous data show that 
mRNA hemocyanin sequences are not present in all Plecoptera, and that hemocyanin does not 
seem to be uniformly distributed within the order. All species possess hexamerins, which are 
multifunction proteins that probably originated from hemocyanin. In order to obtain an 
increasingly detailed picture on the presence and distribution of hemocyanin across the order, this 
study presents new data regarding nymphs and adults of selected Plecoptera species. Results 
confirm that the hemocyanin expression differs among nymphs in the studied stonefly species. 
Even though previous studies have found hemocyanin in adults of two stonefly species it was not 
detected in the present study, even in species where nymphs show hemocyanin, suggesting that 
the physiological need of this protein can change during life cycle. The phylogenetic pattern 
obtained using hemocyanin sequences matches the accepted scheme of traditional phylogeny 
based on morphology, anatomy, and biology. It is remarkable to note that the hemocyanin 
conserved region acts like a phylogenetic molecular marker within Plecoptera. 
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Introduction 



The recent discovery of hemocyanin in many 
insect orders raises doubts about the common 
assumption that the tracheal system is 
sufficient for insect respiration, and that 
respiratory proteins are thus unnecessary. Our 
research is based on the first report of 
hemocyanin in the perlid stonefly Perla 
marginata (Hagner-Holler et al. 2004), and 
aims to better understand the presence, 
functional significance, and role of this 
protein in the Plecoptera (Fochetti et al. 2006; 
Amore et al. 2009; Amore and Fochetti 2009). 
A previous study assessed the 
presence/absence of hemocyanin mRNA in 
the larval and adult stage of chosen species 
belonging to the seven European stonefly 
families (Amore et al. 2009). Additionally, 
some selected Oriental and Afrotropical 
stonefly species living in rivers with different 
ecological features have been tested in respect 
to those in Palaearctic streams (Amore and 
Fochetti 2009; Amore et al. 2010). So far, we 
have investigated 33 species (present data 
included): 25 species belonging to the seven 
families of the two European superfamilies, 
five species belonging to Oriental Perlidae, 
one species of Oriental Peltoperlidae, and two 
species of African Notonemouridae. The 
target species was analyzed during different 
phases of the life cycle (nymphs and adults), 
and from various streams and river typologies 
(perennial temperate rivers, Mediterranean 
temporary streams, tropical rivers, high 
elevation rivers and lakes) (Amore and 
Fochetti 2009). Our data clearly show that 
mRNA hemocyanin sequences are not present 
in all Plecoptera (Fochetti et al. 2006; Amore 
et al. 2009; Amore and Fochetti 2009), and 
hemocyanin does not seem to be uniformly 
distributed within the order. All species 
possess hexamerins, which are multifunction 
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proteins that probably originated from 
hemocyanin. We hypothesized that the 
presence of hemocyanin could depend on the 
length of the life cycle, body size, trophic role, 
or environmental induction. None of these 
hypotheses proved to be fully convincing 
(Amore et al. 2010), and the specific role of 
hemocyanin in Plecoptera is still not 
completely understood. However, by using 
liquid chromatography-tandem mass 
spectrometry, we proved that regardless of its 
putative function (respiratory, immune 
defense, storage protein), hemocyanin is 
actually expressed in species in which its 
mRNA is present (Amore et al. 2011). The 
hemocyanin expression pattern we have so far 
obtained for the entire Plecoptera order could 
also be explained by other functions besides 
respiration, but this investigation is beyond 
the scope of the present paper. 

As far as nymphs are concerned, the present 
paper aims to extend the study on the 
presence/absence of this pigment to other 
Plecoptera genera/species that have not been 
investigated so far (the genera Dyctiogenus, 
Perlodes, Besdolus, Arcynopteryx, 
Pachyleuctra). In order to obtain an 
increasingly detailed picture of the 
hemocyanin presence and distribution across 
the order, and in an attempt to better 
understand functional significance and role of 
this protein in the Plecoptera, we studied 
Italian stenoendemisms (i.e., Besdolus 
ravizzarum Zwick and Weinzierl (1995)), 
Pyrenean endemics (i.e., Pachyleuctra 
benllochi (Navas 1917)), and species believed 
to have a very ancient origin, like the ercinic 
relict Arcynopteryx compacta (McLachlan, 
1872). 

In regards to adults, hemocyanin has only 
been recorded in Perla marginata (Hagner- 
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Holler 2004) and P. grandis (Fochetti et al. 
2006). In our previous studies we never 
detected hemocyanin in adults of other species 
(Amore and Fochetti 2009), even in species 
where we could sequence hemocyanin in 
nymphs, suggesting that the physiological 
request of hemocyanin can change during the 
life cycle. Here we extend the study to other 
species, to cover a representative sample of 
the European biodiversity of the order at the 
family level (genera Pachyleuctra, Nemoura, 
Protonemura). 

Materials and Methods 

Sequence analysis 

Specimens belonging to the following ten 
species (nymphs and adults) in two families 
were collected and preserved in RNAlater 
( www.qiagen.com ). 

Perlodidae 

Dyctiogenus alpinum (Pictet, 1842) and 
Perlodes intricatus (Pictet, 1841) nymphs. 
Collected 1 February 2009. Po river, Pian 
della Regina, Crissolo, 1800 m (Cuneo- 
Piemonte Region, Italy). 

Besdolus ravizzarum nymphs. Collected 3 
February 2009. Curone stream, Val Curone 
320 m (Alessandria-Piemonte Region, Italy). 
44° 47' 14" N; 9° 04' 02" E. 

Arcynopteryx compacta, (McLachlan, 1872) 
nymphs. Collected 6 June 2009, Blue Lake, 
Rosellon, 2530 m. (Oriental Pyrenees 
Department, Languedoc Region, France) N 
42,61554; E 1,96704. 

Isoperla acicularis (Despax, 1936) ssp. 
acicularis nymphs and adults. Collected July 
2008. Vallarties river, 1390 m. (Catalunya, 
Spain). 00° 48' 10,9" E; 42° 39' 24,07" N. 
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Leuctridae 

Leuctra alosi Navas, 1919. Adults. Collected 
July 2008. Vallarties river, 1390 m. 
(Catalunya, Spain). 00° 48' 10,9" E; 42° 39' 
24,07" N. 

Pachyleuctra benllochi (Navas, 1917). 
Nymphs and adults. Collected July 2008. 
Escita inlet, 1790 m. (Catalunya, Spain). 01° 
00' 56,0" E; 42° 34' 44,2" N. 

Nemouridae 

Amphinemura sulcicollis (Stephens, 1836). 
Adults. Collected July 2008. Vallarties 
tributary, 1390 m. (Catalunya, Spain). 00° 48' 
10,9" E; 42° 39' 24,07" N. 

Nemoura cinerea (Retzius, 1783), and 
Protonemura tuberculata Kempny, 1888. 
Adults. Collected July 2008. Peguera river 
and tributaries, 2295 m. (Catalunya, Spain). 
01° 02' 47,5" E; 42° 32' 43,9" N. 

Total RNA was extracted and degenerate 
oligonucleotide primers, designed according 
to hemocyanin conserved region (~ 600 
nucleotides), were used in a reverse 
transcriptase polymerase chain reaction. A (3- 
actin fragment was used as control (P. 
marginata P-actin: HM991865, B. ravizzarum 
P-actin: HM991864). Polymerase chain 
reaction fragments of expected size were 
cloned into pGEM-T (Promega, 
www.promega.com ) easy vector and 
sequenced by a commercial service as 
described in Amore et al. (2009). The 
sequences thus obtained were translated with 
the tool provided by ExPASy Molecular 
Biology Server of the Swiss Institute of 
Bioinformatics ( www.expasy.org ). 

Sequence data and multiple alignment 

Two different multiple alignments of the 
proteins belonging to the hemocyanin 
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superfamily (HcSF) were performed: the first 
one only for Plecoptera sequences, and the 
second for sequences of Plecoptera and other 
groups of arthropods. 

Multiple alignment: Plecoptera. From our 
cDNA and from the Genbank database, 
sequences were deduced in 29 stonefly 
species of 14 hemocyanins (6 of the subunitl 
(hcl) and 8 of the subunit 2 (hc2)) and 27 
hexamerins. Table 1 lists the sequences used 
for the alignment. Six Myriapoda hemocyanin 
sequences (i.e., Scutigera coleoptrata 
AJ344359, AJ344360, AJ431378, AJ431379, 
AJ5 12793 and Spirostreptus sp. AJ297738) 
were used in the alignment, since Myriapoda 
are in an ancestral position with respect to 
Plecoptera (Kusche and Burmester 2001). The 
final alignment included 48 sequences, 520 
nucleotides, and 154 amino acids positions. 

Multiple alignment: Arthropod HcSF. The 

alignment of Plecoptera sequences was 
completed with others sequences of the 
arthropod hemocyanin superfamily, retrieved 
from the GenBank database. The alignment 
was composed of crustacean 
prophenoloxidases (PPO), insect 

prophenoloxidases (PPO), crustacean 
cryptocyanins (CC) or pseudohemocyanins 
(Phc), crustacean hemocyanins (he), 
Myriapoda hemocyanins (he), insect 
hemocyanins (he), and insect hexamerins (hx). 
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Sequence alignment and phylogenetic 
inference. Multiple alignment of nucleotides 
and amino acid sequences was constructed 
with the MAFFT online version (Katoh et al. 
2005) matrix BLOSUM62. Long gap regions, 
as well as some highly divergent regions, 
were removed from the final data set, and in 
order to optimize the results of the 
phylogenetic analysis, we operated a selection 
of conserved blocks from multiple alignments 
with Gblocks server (Talavera and Castresana 
2007). The appropriate phylogenetic model 
for nucletidic sequences was selected with 
MrModeltest2 (Nylander et al. 2004). The 
amino acid sequence evolution model was 
chosen by ProtTest (Abascal et al. 2005) using 
the Akaike information criterion. Nucleotidic 
tree constructions were performed by 
Bayesian analysis with MrBayes 3.1-2 (GTR 
model). The reliability of the trees was tested 
by bootstrap analysis (Felsenstein 1985) with 
1000 replications. Amino acid trees were 
inferred by Maximum Likelihood (ML) 
methods. The phylogenetic analyses were 
performed with PhyML ( www.atgc- 
montpellier.fr/phyml ) (Guindon and Gascuel 
2003) with 100 replications. Distances 
between pairs of protein sequences were 
calculated according to the LG model (Le and 
Gascuel 2008) assuming a gamma distribution 
of substitution rate. 

Results 



The hexamerin receptors were ignored in this 
study because only a small part of the 
sequences aligned well with the hemocyanin 
conserved region we analyzed. A list of 
sequences for the non-Plecopteran taxa used 
in this study is provided in Table 2. The final 
alignment comprises 102 sequences, 785 
nucleotides, and 161 amino acid positions. 



Sequence analysis 

The designed primers were applied to cDNAs 
reverse transcribed from the investigated 
species. When these primers were applied on 
nymphs, they produced fragments of the 
expected size. Two sequences were amplified 
for D. alpinum a.n. GU121395, GU121396, 
one sequence for B. ravizzarum a.n. 
GU121394, A. compacta a.n. GU121393, P. 
intricatus a.n. GU121397, /. acicularis 
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acicularis a.n. GU121398, and P. benllochi 
a.n. GU121399. The amplified fragments 
were about 600 nucleotides long; the 
translated amino acid sequences resulted in 
about 195 amino acids, except for P. 
intricatus, that had an 893 nucleotides long 
amplified fragment and a translated sequence 
of 297 amino acids (Table 2). The same 
primers applied to adult specimens gave no 
band in PCR experiments. 

Both BLAST (Blastn and Blastp) and 
phylogenetic analyses (see below) 
unequivocally identified the sequences of D. 
alpinum (Dyc_al.hcl; Dyc_al.hc2), B. 
ravizzarum (Bes_ra.hc2), and A. compacta 
(Arc_co.hc2) as insect hemocyanins. The five 
histidines (His) of the studied fragment, 
crucial for the CVbinding function, were 
present in all subunits (Figure 1), while the 
sequence of P. intricatus (Per_in.hx) and P. 



ISO_qr .hcl 
I so_gr . hc2 
Iso_ac.hc2 
Baa ra.hci 
Arc_co.hc2 
Dyc_al .hcl 
Dyc_al .hc2 
Per_int.hx 
Sip_tor .hx 
Pac_ben . hx 
Lau fus.hx 



Iso_gr .hcl 
Iao_gr.hc2 
Iao_ac.hc2 
Bea_ra.hc2 
Arc_co.hc2 
Dyc_al .hcl 
Dyc_al .hc2 
Per_int.hx 
sip~tor.hx 
Pac_ben . hx 
Lau fus.hx 



lso_qr.hcl 
Iso_gr .hc2 
Iso_ac.hc2 
Bes_ra.hc2 
Arc_co.hc2 
Dyc_al .hcl 
Dyc_al . hc2 
Pac_lnt .hx 
Siptor.hx 
Pac_ban . hx 
Leu fus.hx 



Iao_gr .hcl 
Iso_gr .hc2 
Iso_ac.hc2 
Bes_ra.hc2 
Arc_co.hc2 
Dyc_al .hcl 
Dyc_al .hc2 
Per_lnt.hx 
Sip_tor.hx 
Pacben . hx 
Leu fus.hx 



YDVTKDRRGEl FYMHHQMVSRFDAERLSNN 

YDVTKDRHGEt FttfflHQMVNP.FDAERl.SND 

YDVTKDRRGE1 FYMHHQHVNRFDAERLSNN 

YDVTKDRRGE1 FYMHHQMTNRFDAERLSNN 



vaylgedvglnshhshwhhdfpfwwkaaeygiekdrkgei^yhhhqmiaryd1.erlsnh 
vaylged i gvnshhahwbhdf p fwwkrt- ' 
vaylged i gvnshhahwhmdfpfwwkrt - y 
vaylgedi gvn shhahwhmdfp fwwkkt - y 
vayfged i gvns hhahwhhdf pfwwkat-* 

vaylgedvglsshhahwhmdfpfwwkateygiekdrkgeJyyhhhomiarydlerlsnh 
vaylgedi gvns kkahwhhdfpfwwkkt-yditkdrrge1 fymhhqmvnrfdaerlstffl 

ISYFTEDVGLNAFBTYMNLDYPFMAHSKMYNLKFDRRGEl yytqhqlmaryylerlsng 

vayfgedvgvntfntymhldy p fwmns akynmh fdrrge l yytqhqllar yy ler i sng 
vay lgedvglstfhtywnhdy pfwakhktyg 1 kwdrtge1 yytqhq1 laryylerlsng 
vaylgedvglstfhtymnhdypfwanskyynlkfdrdgel|yytqdoilaryylerlsng 



LPFVEPLSFE--EEIEI 
LPQVEPLDHH — HE I' 
LPQVEPLDMH--HEI 
LPQVEPLDHH — HEI 
LPQVEPLDWg--NEr 

lpwkplnfe — ek1ei 
lpqvepldwh--hei' 
lgevkafs y — pdse i 
lgeikhfd¥sdrktlhvgyepmhryongq|fthrpegstfsrn 
lgeikpfsys-yktpisMepslryongk fphrpegvrfsns 
lgeikpfsyt-fkt-iaJBepslryongk|fpmrpegvrfsnn 



fPQTTYRVGC PPS 
APGAMYHNGfl FPI 
APGA1 YHKGC FPM1 
APGAMYYNGC FP1 
APGAMYHNGC FP1 
YPOTTYRVGG FPSi 
APGAMYYHGK FPt 
E1VGY0PSLRY0HCH FPMRPEGMSWYN 




PWLTIKDNEEFEC IRD 
PWLTTKDNEEFEC IRD 
PWSTVKDNEELEC 



IRD 

PWLTVKENEEFEtaiRD 
EMIK1KDMIDYTR IRE 
PMSTVKDNEELEG IRD 
ROTEELYTLER I0D 
-YRSEDAMIFER IVD 
YKTEEALAYER IFD 
-YKSEEAYAYER IFD 



a lkhsvltkiIehialdnehgidilgdlhepsmetlhhBygslhnyahillgqitdpl 

(^sgfvkmtr. rilvylnttegidilglivetldhsynrdffgkfhanshvmlgritdph 
hsgfvkmte hlvylnttegid 



HAGFVKMNE fiLAYLNTTEGIN 



DLGFVFGKE UKVS: 



DILGLIVETLDHGYNRDFFGKFHANSRWLSRITDPM 
NILGLIVESLDHDYNRVFFGKYHASAHTMLSR1TDPH 
DILGLIVESLDHEYHHDLFGKYHSNTHVMLSRITDPQ 
DHIALDNIHGIDILGDLHEPSVETAHH^GSLHHYAHILLGQITDPK 
" " LGLIVESLDHDYSRVFFGKYHANAflVMLSKITDPM 
LKEKEG1SILGEHIEGTADSANKHFYGSVYNHMKTVFGHVTDPT 
A DAGYIVSFDjQKLSLKDKEGlTLLGELIMSTGDSPNKEFYGKIYTNLCTIFGHVHDHT 
A DLGFWSKr rKIPLKEKEGINILGEIIKGTTDTVNEHFYGTIYKMMRGI FGHVTDPN 
A DLGFVIAKC SKIALKEKDGIHILGELIKGTTDTVNEHFYGA1 YNMMRGIFGUVTDPN 



HPPGVHEHFETP 

MPPGVHEH FETAT-- 
|GHP PGVME H FETAT I T 
HPPGVHEH FETA- - - 
MP PGVME H FETAT- - 
HP PGVME H FETAT - - 

(GHP PGVME H FETA 

FQFOVAPSALEH FETA™ 

FAFDTVPSVLEHSKPP 

FQYG I APGVMEH FETAT - - 
FQYGVAP -CSGTLRNRH - - 



Figure I. Multiple sequence alignment (BLOSUM62) of 
hemocyanins conserved amino acid sequences (he) and 
correspondent hexamerins sequences (hx). His (yellow) and Phe 
(green) residues involved in the oxygen-binding site are indicated. 
The residues involved in the trimer (blue) and dimer (red) contacts 
are also shown. High quality figures are available online. 



benllochi (Pac_be.hx) were identified as 
hexamerins. In order to compare and describe 
the amino acid sequences of nymphs they 
were further compared to the hemocyanins 
known from the Perlodidae Isoperla 
grammatica (Iso_gr.hcl and Iso.gr.hc2) 
(Amore et al. 2009), the Chloroperlidae 
Siphonoperla torrentium (Sip_tor.hx), and the 
Leuctridae Leuctrafusca (Leu_fus.hx) (Table 
3). As expected, D. alpinum hemocyanin 
subunit 1 (Dyc_al.hcl) showed the highest 
degree of identity with the type 1 hemocyanin 
subunits (0.90 amino acidic and 0.85 
nucleotidic), whereas lower scores were 
obtained when comparing type 2 subunits 
(0.53-0.55 amino acidic and 0.61-0.63 
nucleotidic). Subunit 2 of D. alpinum 
(Dyc_al.hc2), B. ravizzarum (Bes_ra.hc2), A. 



-Spl sp hd 



-Din ce.hcl 
r Per gr.hcl 

-Pee ma.hcl 
-Iso gr.hcl 
-Dye alJid 
-Gu« frhel 
j— Par ma.ho2 
— Per gr.hc2 
- r Or oe.hc-2 

rtSOsC.hcZ 

lio or.hc2 
n || — Arc co.hc2 
[jBaa ra he2 
«-Dyc aj.hc2 
Pet ma.roc3 



I — Dia sam.rtx 
Ta- rt hx 
Per ma.Kx2 
Per ma.rtx1 
Etrsp hx 
i«VToo »p.hx1 
Car ap hx 
*°| rTofl sp.hx2 
||0,ipWhx 
PNeo*p.hx 
liTatrap hx 
iPha sp hx 



Pet n 
iooVTi 



! Cry »p.hx 

I Sip tor hx 

I — Per rra.hx4 
■Bra rts.hx 
f^Tae sta.hx 

r Al vrv hx 

JVLTm bor hx 
1 rPro aus hx 
too [-Nam hm.hx 

■ Na*n sp hx2 

d i— Pic beri.hx 
u5oj rLautUS hX 
Hp Nam cp.hx3 
Wem sp hx1 

Figure 2. ML analysis of the Plecoptera hemocyanin superfamily 
(HcSF): hemocyanins (he) and hexamerins (hx). The numbers 
represent the bootstrap support. The bar equals 0.I substitutions 
per site. High quality figures are available online. 



rnal of Insect Science | www.insectscience.org 



5 



Journal of Insect Science.Vol. I I | Article 153 

compacta (Arc_co.hc2), /. acicularis 
acicularis (Iso_ac.hc2), and stonefly 
hemocyanin subunit 2 of /. grammatica 
displayed 0.86-0.95 identical amino acids, and 
0.86-0.94 identical nucleotides, while lower 
identity scores were observed with other type 
1 subunits (0.53-0.54 amino acidic and 0.60- 
0.62 nucleotidic). Only one of the four Cu- 
binding histidines is conserved in the P. 
intricatus and P. benllochi hexamerins. 
Comparison with hcl and hc2 were in the 
range of 0.38-0.46 for amino acids and 0.53- 
0.58 for nucleotides, whereas identity values 
were higher among Plecoptera hexamerins 
(0.58-0.83 amino acids and 0.69-0.86 
nucleotides). P. benllochi showed a close 
relationship with L. fusca (0.83 amino acid 
and 0.86 nucleotide); both species belong to 
Leuctridae. 

Phylogenetic analysis 

Both types of analyses (Bayes and ML) gave 
similar tree topologies (Figures 2, 3). 

Plecoptera 

The Myriapoda sequences were used to root 
the tree for graphics purposes. ML analysis 
(Figure 2) resulted in three well supported 
monophyletic clades. Dyc_al.hcl joined the 
clade with the previously identified Plecoptera 
hemocyanin subunit 1 (100% bootstrap 
support) (Figure 2). Dyc_al.hc2, Bes_ra.hc2, 
Iso_ac.hc2, and Arc_co.hc2 grouped with 
hemocyanin subunit 2 (100% bootstrap 
support). Hexamerins, where Per_in.hx and 
Pac_be-hx grouped, formed a third clade 
(100% bootstrap support). Within hemocyanin 
subunit type 1, the Perlodidae sequences 
(Iso_gr.hcl; Guad_fr.hcl; Dyc_al.hcl) were 
monophyletic and derived from Perlidae (87% 
bootstrap support), whereas the Perlidae clade 
was more disordered. Within the clade of 
hemocyanin subunit 2, Perlidae and 
Perlodidae formed two distinct clades, even if 
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the Perlodidae clade was supported by a 50% 
bootstrap value. The phylogenetic analysis 
indicated that the hemocyanin subunit 2 
shares a common ancestor with all Plecoptera 
hexamerins. Within this clade the systematic 
relationship among groups were less resolved. 
The results of Bayesian inference (Figure 3) 
generate a posteriori distribution starting from 
an a priori probability: the Plecoptera tree 
shows an unresolved node when examining 
hcl, hc2, and hexamerin genetic affinity. 

HcSF 

Within the hemocyanins, three distinct clades 
emerged in accordance with the phylogeny of 
arthropod subphyla. Both ML and Bayesian 
inference (Figures 4, 5) resulted in a branch 
representing Chelicerata hemocyanin (97- 
100% bootstrap support), a second branch 
representing Myriapoda hemocyanin (100% 
bootstrap support), and a third branch for 
crustacean and insect hemocyanins, insect 
hexamerins, and crustacean cryptocyanins 
(95-100% bootstrap support). Myriapoda is 
the sister group with respect to crustacean and 
insect hemocyanins. All insect hexamerins 
formed a clade (82-98% bootstrap support). 
The results of ML analysis showed one clade 
for insect hemocyanin subunit 1, one clade for 
insect hemocyanin subunit 2, and one for 
crustacean hemocyanins and cryptocyanin. 
This macro-clade had a low bootstrap support 
(< 80%). At any rate, all hexapod hexamerins 
joined in the same clade in all analyses. In 
subunit 1, the hemocyanins from Zygenthoma 
(Ter_do.hcl and Lep_sa.hcl) formed the 
sister group of the pterygote proteins (97% 
bootstrap support); Collembola (Sin_cu.hcl 
and Fol_ca.hcl) was basal to the ectognathan 
subunits (38% bootstrap support). Within the 
hemocyanin subunit types 2, phylogeny 
resembled that of subunit types 1, and 
Machilis germanica (Mac_ge.hcl) was in an 
ambiguous position and clustered within 
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hexamerins. In Bayesian inference (Figure 5), 
there was an unresolved node in the cluster 
including sequences of hexapod hcl and hc2, 
crustacean he, and cryprocyanin. 

Discussion 

Hemocyanin in nymphs 

Our results suggest that the hemocyanin 
expression differs among nymphs of different 
stonefly species. The hemocyanin conserved 
region was sequenced in all nymphs, except in 
those of P. intricatus and P. benllochi, where 
only hexamerins were found. These results 
confirm that hemocyanin is not expressed in 
all Plecoptera species. It is worthy to note that 
P. intricatus and D. alpinum were collected in 
the same river, sampling site, and sampling 
date. Both species belong to Perlodidae, are 
medium-sized, semivoltine, and are mainly 
predators (Fochetti and Tierno de Figueroa 
2008), but they display a different 
physiological response on hemocyanin 
production. On the other hand, B. ravizzarum, 
a Perlodidae living at lower altitude in the 
potamal river zone, expresses hemocyanin in 
its mRNA repertory. 

Summarizing all the data regarding stoneflies 
published so far (Table 4) (Hagner-Holler et 
al. 2004; Fochetti et al. 2006; Amore et al. 
2009; Amore and Fochetti 2009; Amore et al. 
2010), we can confirm that hemocyanin 
expression in Plecoptera does not depend on 
size or trophic role. Environmental adaptation 
to ecological conditions might have led to the 
loss of the protein in some lineages. It is 
conceivable that independent adaptations to 
local conditions caused a decrease in 
hemocyanin requirement, a precondition to 
generate variability. Cumulative mutations 
and divergent evolution probably caused 
significant change in hemocyanin domain II to 
the point of disabling copper-binding sites 
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and oxygen affinity, thus leading to ancestor- 
like hexamerin proteins. 

Hemocyanin in adults 

Plecoptera are hemimetabolous insects whose 
habitat completely changes when they become 
adults. While nymphs live in aquatic habitats, 
adult stoneflies emerge from the streams, 
lakes, or rivers. They have reduced flight 
ability, and in some cases males are 
brachypterous (for the species investigated in 
the present paper, this condition occurs in D. 
cephalotes and /. viridinervis). They can 
generally be found on the banks next to the 
emergence area. Although the amount of 
oxygen in the air is much higher compared to 
the oxygen dissolved in water, it was proven 
that even insects that are terrestrial in all 
developmental phases possess respiratory 
proteins. In fact, hemoglobin genes were 
found in holometaboulos insects such as 
Drosophila (Hankeln et al. 2002) and Apis 
(Hankeln et al. 2006), as well as some 
Hemiptera, Coleoptera, and Lepidoptera that 
live in normoxic conditions (Burmester and 
Hankeln 2007). 

Adults and nymphs have very different 
activities in the Plecoptera: the nymphal stage 
is mainly devoted to feeding and molting, thus 
undergoing considerable physiological stress 
(Fochetti and Tierno de Figueroa 2008; Tierno 
de Figueroa et al. 2003). Adults are mainly 
devoted to mating (Tierno de Figueroa et al. 
2006), and in some cases they do not feed at 
all (for instance Perla marginata, P. grandis, 
D. cephalotes) (Tierno De Figueroa and 
Fochetti 2001). 

Preliminary data on the presence of 
hemocyanin in adults was reported in Amore 
and Fochetti (2009). In the present study, the 
number of investigated species was extended 
to a representative of all the European families 
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of the order. Hemocyanin had been previously 
recorded for Perla marginata (Hagner-Holler 
2004) and P. grandis (Fochetti et al. 2006), 
but in our previous and present studies we 
never detected hemocyanin in adults, even in 
species where hemocyanin was sequenced in 
nymphs, suggesting that the physiological 
need of hemocyanin may change during the 
life cycle. 

Plecoptera hexamerins 

Hexamerins were sequenced in nymphs and in 
the adult of Capnia bifrons, an ovoviviparous 
species (Hynes 1941; Fochetti and Tierno de 
Figueroa 2008). It is interesting to note that 
hexamerins are proteins usually expressed at 
high concentrations in larval and nymphal 
stages, though rarely seen in adults (Beintema 
et al. 1994). Insect hexamerins show 
significant similarities in structure and 
sequence to arthropod hemocyanins (Markl et 
al. 1992; Beintema et al. 1994; Burmester and 
Scheller 1996), and it has been suggested that 
hexamerins changed their function to storage 
proteins after losing the ability to bind oxygen 
(Markl and Winter 1989). Hexamerins serve 
mainly as sources of amino acids during non- 
feeding periods, in larval molting or adult 
development (Telfer and Kunkel 1991; 
Haunerland 1996; Beintema et al. 1994), but 
can also function as carrier proteins for small 
organic compounds like steroid hormones, 
riboflavin and juvenile hormones (Enderle et 
al. 1983; Magee et al. 1994; Braun and Wyatt 

1996) , or may be involved in immune 
response (Hayakawa 1994; Beresford et al. 

1997) . 

Phylogenetic implications 
Plecoptera HcSF. Starting from the 
hypothesis that a common ancestor of all 
modern Plecoptera possessed hemocyanin, 
this character was lost several times during the 
evolution of the order. A first loss might have 
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happened in the Nemouroidea ancestor, since 
no hemocyanin was found in any of the 
Nemouroidea species analyzed in the present 
study. Second, hemocyanin might have been 
independently lost in some Perloidea lineages, 
such as in Chloroperlidae or in the genus 
Perlodes. This idea is in agreement with the 
accepted theory that, even if Plecoptera is a 
very ancient order (fossil stoneflies date from 
the early Permian), the existing families do 
not seem to be very old, and recent and 
repeated phenomena of speciation and 
extinction have been described (Zwick 2000). 
In species where we did not sequence 
hemocyanin, we only found hexamerins. 
Hexamerins evolved from hemocyanins in the 
early steps of insect evolution, so they are 
paralogous proteins. Our data would indicate 
that hexamerins evolved from subunit 2 (hc2), 
even though the analysis of a different dataset 
led Burmester and Hankeln (2007) to 
hypothesize hcl as the probable closest 
subunit. 

It is remarkable to note that the hemocyanin 
conserved region acts like a phylogenetic 
molecular marker within Plecoptera. Two 
branches of hemocyanin subunits (hcl and 
hc2) are always evident in the topology of the 
trees, and the phylogenetic pattern obtained 
using hemocyanin conserved fragment 
matches the accepted scheme of traditional 
phylogeny based on morphology, anatomy, 
and biology even when examining taxonomy 
of subfamilies (e.g. Perlodinae, Isoperlinae, 
and Arcynopteryginae within Perlodidae). 
Hexamerins follow more loosely the accepted 
systematic arrangement, indicating a lower 
evolutionary pressure that allowed them to 
accumulate mutations and distinct types of 
amino acids (Telfer and Kunkel 1991; 
Burmester et al. 1998). The use of 
hemocyanin as a molecular marker could be 
interesting to study in detail taxa whose 
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systematic position within Plecoptera in still 
uncertain — such as the relationships between 
Perlidae, Perlodidae and Chloroperlidae — and 
to analyze phenomena of speciation and 
adaptation. 

Arthropoda HcFS 

Chelicerata hemocyanins form a separate 
clade. A phenoloxidase activity of some 
subunit of chelicerata hemocyanin has been 
noted (Decker et al. 2001); therefore, these 
subunit types may be considered as 
transitional structures between phenoloxidases 
and hemocyanins. 

The Myriapoda hemocyanins clade is the 
sister group of insect and crustacean 
hemocyanin and their derivates (insect 
hexamerins and crustacean cryptocyanins) 
according to Kusche and Burmester (2001). 
Assuming that protein phylogeny reflects 
species evolution, the presence of a unique 
clade for crustacean and hexapod 
hemocyanins and descendents strongly 
supports the Pancrustacea hypothesis, where 
all crustaceans and hexapods are included in a 
unique monophyletic taxon, in contrast to the 
Atelocerata hypothesis in which Myriapoda 
and Hexapoda are sister taxa, and Crustacea 
are more distantly related (see Brusca and 
Brusca 2002). 

Hexamerins and cryptocyanins underwent 
parallel evolution. The hexamerins form a 
monophyletic clade, which is the sister group 
of the known insect and crustacean 
hemocyanin, while cryptocyanins derived 
from crustacean hemocyanins (Beintema et al. 
1994; Burmester and Scheller 1996; 
Durstewitz and Terwillinger 1997; Burmester 
et al. 1998; Burmester, 1999a, 1999b, 2001; 
Pick et al. 2009). 
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Further considerations 

The study of hemocyanin in insects is at the 
center of an ongoing scientific debate. Several 
studies have explored the functional properties 
of Arthropod hemocyanins and have led to a 
plethora of hypothetical functions, which 
include its role as an oxygen carrier (Markl et 
al. 1979a, 1979b; Markl and Decker 1992), or 
its non-respiratory functions having 
phenoloxidase and antimicrobial activity 
(Terwilliger 1998; Bridges 2001; Decker and 
Jaenicke 2004; Jaenicke and Decker 2004). 

Recent studies on chelicerates, which have no 
phenoloxidases, stressed that evolution has 
developed a double function for this molecule, 
suggesting that hemocyanin acquires a 
phenoloxidase activity after proteolitic 
cleavage at the amino-terminal part (Decker 
and Rimbke 1998, Decker and Tuczek 2000). 
Hemocyanins of Eurypelma californicum, 
Limulus polyphemus, and Tachypleus 
tridentatus are comparable to phenoloxidases 
based on activation mechanisms, substrate 
specificity, and inhibition (Nagai and 
Kawabata 2000; Nagai et al. 2001). 

The role of hemocyanins in immune response 
seems to be present in chelicerates and also in 
crustaceans. Under normal conditions the 
hemocyanin functions as an oxygen carrier, 
but it may be converted to phenoloxidase after 
microbial infections. In some Crustacea 
(Penaeus vannamei and P. stylirostris), 
antimicrobial and antifungal peptides can be 
cleaved from the C-terminal domain of 
hemocyanin (Destoumieux-Garzo et al. 2001; 
Lee et al. 2003) Additionally, hemocyanin 
concentration is associated with the molting 
cycle, suggesting a specific utilization during 
starvation (Depledge and Bjeregaard 1989). 
Under special circumstances, hemocyanin is 
metabolically recycled and employed as a 
source of energy from amino acids 
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(Zuckerkandl 1960; Hagerman 1986). What 
remains to be determined is if hemocyanin has 
functions other than respiration in the 
Hexapoda. In vitro or in vivo studies on 
functions other than respiration have not yet 
been carried out in Hexapoda. 

Open questions 

The present study focuses on Arctoperlaria 
species (the Northern hemisphere Plecoptera 
suborder) mainly on European fauna. The 
only sequence of the Antarctoperlaria (the 
Southern hemisphere Plecoptera suborder), 
Dhiamphipnopsis samali, included in our 
phylogenetic analysis derives from a specific 
study on Plecoptera hexamerin (Hagner- 
Holler et al. 2007). Enlarging the study to 
Antactoperlaria would give a wider general 
indication to the problematic investigation of 
hemocyanin distribution in Plecoptera. 

Another issue concerns the plasticity of 
hemocyanin with respect to environmental 
context. Changes in hemocyanin expression 
can affect the total concentration of 
hemocyanin in the hemolymph or can modify 
the level of expression of a single subunit with 
respect to the others. Experiments aimed to 
monitoring adaptive physiology of Plecoptera 
in response to environmental stimuli, at the 
level of protein expression modulation and 
subunit ratio, are in progress with quantitative 
real-time PCR. If oxygen affinity and 
cooperativity of hemocyanin, and 
consequently the capacity of oxygen- 
transport, are adapted to environmental 
conditions, then possessing hemocyanin 
represents a potential adaptive capacity for 
animals in the context of global warming. In 
this future context, the presence of 
hemocyanin and its variability in subunits 
type and multimeric formation may represent 
a focal aspect to be analyzed from the 
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perspective of ecological selection (Schluter 
2001). 
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Figure 4. ML analysis of Arthropoda hemocyanin superfamily (HcSF): PPO, prophenoloxidases; he, hemocyanins; hx, hexamerins; CCI and 
PHc cryptocyanins. The numbers represent the bootstrap support. The bar equals O.I substitutions per site. High quality figures are available 
online. 
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Figure 5. Bayesian analysis of the Arthropoda hemocyanin superfamily (HcSF). PPO, prophenoloxidases; he, hemocyanins; hx, hexamerins; 
CCI and PHc cryptocyanins. The numbers represent the bootstrap support. The bar equals 0.1 substitutions per site. High quality figures are 
available online. 
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Table I. List of stoneflies species included in phylogenetic analysis, showing acronyms and GenBank accession number 
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Perlodinae 


Dycttogauis alpinwn 


hr 1 
III 1 




l J\ t al.IK. 1 


hr? 
III — 


fit ] 1 7 1 \QA 

V J VJ 1 Z 1 J7U 


rivr il hr7 
uyv, Jl..ir.__ 


. Uxyiwpleiy.x compacla 


hi- ? 
IIC 


(A 1 1 7 1 *Q s 

VJ VJ I Z 1 J 1 3 


r\IL LU.IILZ 


Guadalgenus franzi 


III 1 


i- i lOiOho 


1 .ii, |r np 1 


Ri> i~ / lt\l tiv MiMnwm 
DVSWfJHU 1 ill I—— ill lull 


hr? 


V I U 1 _ 1 '-t 


Rue r .l h('7 


Perlodes inlricalus 


hx 


CAW)] V)7 


P* 5 !* ml hv 

rci nil. ha 


Perlidae 


Perlinae 


Perla marginata 


hi- 1 
III 1 




I Cl IIUl. ML 1 


hp? 
ill— 




Pf»r m*> It ^ » 7 
1 CI IIld.llLZ 


hv 1 

1 1.\ 1 




P»»t" 111 1 ll v I 

TCI Ilia. IIA 1 


h\2 


/A J 0"V/JV?0 


P*> r tii •% Ii v 7 
i CI llla.IIAZ 


hv^ 


A 1M)0 *A7 


i^'-r tuo Ii v 7 

rci Hid.iiAj 


hx4 




P*» r m i Ii v A 

rci nid.iiA*T 


Perla gramlis 


hcl 




Per ijr lie 1 


hc2 


I f\J 1 1 OJ / VJ 


Pi-*r <ir ni*7 
1 CI li,I.HLZ 


Dinocras cephalotes 


hcl 


FI41 Ssl S 
i i j j i j 


L/lll V.CI1C 1 


hc2 


FF"> 1 X6"> 1 


L/IIl CC.IIC^. 


\—l4l UfJtzf Hi AfJ, 


hx 1 


CA 1 1 *> 1 400 


l*Qf* C 11 hv 
\^ dl 3|J.1 1 A 


i£Jtl*t tM/llyf Cfl 
IfSit UUillli jfy. 


hx 




Tpf r cn riv 
1 ClI sU.IIA 


Tbgoperla sp. 


I IX 1 


v M 1 _ 1 JO / 


T Vi ii M nvl 
1 UL1 ^ | » . 1 1 \ 1 


hx? 
1 1.\_ 


I I 1 > 1 J'lUjj _ 


TVht ll v 7 
1 UJi SU.IIAZ 


t\c(Jls\:i HI JiJ. 


li\ 

IIA 


(A \ \~>\ ^00 


\Ji"(i ttr Ii v 
l\V.t' bp. IIA 


cifUL ufv frill isp. 


hv 

IIX 


et 1 1 7 no l 


Fir en nv 
ClI 5U.IIA 


PflQUOptfriCl sp. 


hv 
IIX 


VJ U 1 Z 1 


P ri i cm n v 
1 lid Sp.IlA 


C. hloropcrlnlac 


Chloropcrlinae 


ijiptiunufstfi tu iui i cniiiiiii 


hv 

IIX 


cut* / / zoo / 


tin c r\ nv 
Ol[J aJJ.IlA 


Ptcronarcyoidea 


Peltoperlidac 




Cryptoperla sp. 


hv 

NX 


( i 1 1^1 v X ~! 

VJ VJ I i 1 JO 1 


^ ru c n ii v 
V^iy ap.HA 


Nemni imidpii 

l^llllUUlVllUltl 


Tni^n mntpni'iti/lni 1 
1 al 11 llipill Y y,lUill 


1 n r>ti i nrtti—ri .■ miiii 1 
1 .ILllH'I'lL! \ 'J I11.1L 


Taeniopten \x s kmc ho \ itch i 


hx 


FF"> 1 Xft''^ 
i.rz i ov>zz 


Tl 1 k c t ll V 

idc 3i.nA 


l/'tl> 11 1/1 lll/ll'l'V ('//PlJClUll'i/cllt 

/ tit inapit i w smut, ntii in m 


hx 


rrf, i 7nQS 
cru i / j7o 


Ti »** K 1 1 1* li v 

1 aC UUI.I1A 


Bruchvptei'ti risi 


hv 
IIX 


CUO / /ZOOo 


C! | fir 11 V 

I ) 1 it I 1 S . 1 1 \ 


Nemouridae 


Ampliinciiuirinac 


Aiiipliiuewoitra sulcicollis 


hv 
IIX 


Fl 17 1 S^77 


A niTT cii nv 
.' \ 1 1 1 1 ) S 1 1 . 1 1 A 


Pt'otoucfuufxi nusouici 


hv 
IIA 


Fl IA77">XOO 

DUO / 1 aO"U 


Pf/1 '1 1 IC 11 V 

ill) dUN.IlA 


Nemourinae 


A//1I11/1I /l*/l l1WrM/ft"f/H3 

ixl'/llul/r 11 111 spt 1 lilt 


hv 

IIA 


C/UU/ /ZOO" 


Mam hue Ii V 

1NCIII IICd.IIA 


Nemow a sp. 


hx 1 


/ \ 1 V 1 v ' /UJU7 


Mptti <n hv I 

1 ' V. 1 1 1 jU.IIA 1 


hx2 


AM6W370 


Nem sp.h\2 


hx3 


AM690371 


Nem sp.h\3 


Capniidae 




Capnia bifrons 


hx 


1 .13X4672 


Cap bif.hx 


Allocupnia vivipara 


hx 


EF6 17597 


All vi.hx 


Leuctridae 


Leuctrinae 


l.euclra jusca 


hx 


T:F2 18620 


1 cu !usJi\ 


Pcich \ lend ra benllochi 


hx 


GU121399 


Pac bcn.hx 


Eustlienioidea 


Diamphipnoidae 




Diamphipnopsis samali 


hx 


EF620538 


Dia sam.hx 
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Table 2. List of arthropod species, other than Plecoptera, included in the Plecoptera and Arthropod HcSF multiple 
alignment. Protein type, systematic position (subphylum and species), and GenBank accession number are shown. 



tiype 


Subphylum 


Species 


Acronvm 


Accession number 






Peneus monodon 


Pen mo. PPO 


AF099741 




Crustacea 


Feimeropenaeus chinensis 


Fen ch.PPO 


ELK) 15060 






Pacifaslacus leniusculus 


Pac le.PPO 


X834 l >4 


PPO 




Tenebrio moliior 


Ten mo.PPO 


AB020738 




Locusta migratoria 


Loc m.PPOl 


FJ77I025 




Hexapoda 


Loc m.PP02 


FJ771024 






Bombix mori 


Bom m.PPOl 


D49370 






Bom m.PP02 


D4937I 








Eur ca.hcb 


AJ290429 








Eur ca.hcc 


AJ277489 






Ewypelma californicum 


Eur ca.hed 


AJ290430 








Eur ca.hcf 


\J2 ' ' 




Chelicerata 




Eur ea.hcg 


A .1277492 








Lim_po.hc2 


AM260213 






Litnulus polyphenols 


Lim po.hc3 


AM260214 






Lim po.hc4 


AM260215 








Lim po.hc6 


AM2602I6 






Cancer magister 


Can ma.hc6 


U4888I 






Peneaus vannamei 


Pen va.hc 


X82502 






Fenneropenaeus chinensis 


Fen ch.hc 


1 J 5944 14 




Crustacea 


Hoinwus americanus 


Horn am.hcb 


EF095I42 






Horn am.hca 


AJ272095 






Pacifaslacus leniusculus 


Pac Ic.hcl 


AF522504 






Pac Ie.hc2 


AY 193781 








Scu co.hcA 


AJ344359 








Sen co.hcD 


A.I344360 




Myriapoda 


Scutigera coleopatra 


Sen co.heB 


A.I5 1 2793 






Sen co.heC 


A.I 4 3 1379 








Sen eo.heX 


A.I43 1378 


he 




Spirostreptus sp. 


Spi sp.hc 


A.I297738 




Folsomia Candida 


1 ill ea.liel 


EM242650 






Sinella curviseta 


Sin eu.hcl 


EM242638 






Lepisma saccharina 


Lep sa.hcl 


1 \1 1 h>2 l > 1 






Eep sa.hc2 


FM 165292 






Thermohia domeslica 


The do.hel 


FM 165288 






The do.he2 


FM 165289 






Machilis germanica 


Mae ge.hcl 


FM242639 






Schislocerca americana 


Seh am.EIIP 


AF038569 






Locusta migratoria 


Loc mi.hcl 


FM24265I 






Carausius morosus 


Car mo.hcl 


FM242640 




Hexapoda 


Che/idtirella acanthopygia 


Che ache 1 


FM24264I 




Che ac.hc2 


FM242654 






Hierodttla meinhranacea 


Hie me.hc2 


FM242643 






Hie me.hel 


FM 242642 






Blaptica dubia 


Bla du.hel 


FM242646 






Bla du.hc2 


FM242647 






Periplaneta americana 


Per am.hc2 


FM 242649 






Per am.hcl 


FM 24264 8 






Shelforde/la lateralis 


She Ia.hc2 


FM242653 






She la.hcl 


FM242652 






Ciyptotermes secundus 


Cry se.hc2 


FM242645 






Cry se.hcl 


FM242644 






Homarus americanus 


Horn a. Phe 1 


A.I 1 32 14 1 


cc 


Crustacea 


Horn a.Plic- 


A.I132I42 






Cancer magister 


Can ma.CC 1 


AF091261 






Thermohia domeslica 


The do.hx 


FM 165290 






Locusta migratoria 


Loc m.JIIBP 


U 74469 


hx 


Hexapoda 


Periplaneta americana 


Per am.hx 


L408I8 






Blaherus discoidalis 


Bla di.hx 


U3I328 






Tenebrio molitor 


Ten nio.hx 


AB021700 



PPO, prophenoloxidases; he, hemocyanin; hx, hexamerin; CC, cryptocyanins or pseudo-hemocyanin. 
V . J 
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Table 3. Nucleotidic (above) and amino acidic (below) identity. Species acronyms are as in the phylogenetic analysis. 
Seq: sequences. 





lso_gr.hcl 


lso^r.hc2 


Iso ac.hc2 


Bes ra.hi-2 


Arc co.hc2 


Dvc al.hcl 


Dvc hi. In - 


Per int.hx 


Sip tor.hs 


Pac ben.hx 


Leu fus.hx 


hn tir.liil 


II) 


ii.d: 


0.60 


0.6(1 


0.60 


0 85 


0.59 


0.55 


0.54 


0.57 


0.57 


Iso t>r.he2 


0.54 


ID 


0.94 


0.86 


0.84 


0.62 


0.86 


0.55 


0.54 


0.58 


0.55 


Iso ac.hc2 


0.53 


o»5 


ID 


0.84 


on; 


0.60 


(I. \3 


0.55 


0.53 


0.57 


0.54 


Bes ra.hc2 


0.53 


o.8'i 


0.87 


II) 


11.84 


0.61 


0.95 


(1.54 


0.54 


0.56 


0.54 


Arc co.Ik'2 


(1.54 


11.86 


d>5 


0.86 


II) 


0.63 


0.84 


0.54 


11.5 3 


11.57 


11.54 


Dvc nl.hcl 


(i.'Ki 


i) 55 


(i 54 


ii 53 


O 55 


II) 


0.61 


n.54 


(1.53 


II 5- 


(1.56 


Dvc al.hc-2 


0.54 


n.ss 


0.87 


0.96 


0.85 


0.54 


II) 


,1.5 5 


0.53 


0.56 


0.55 


1'it ini.hx 


0.38 


0.39 


0.39 


0.39 


0.38 


0.39 


0.38 


ID 


0.69 


0.73 


0.76 


Sip Kil.h\ 


0.35 


0.39 


(1.37 


0.38 


0.38 


0.34 


0.37 


0.59 


ID 


0.71 


0.70 


Pac ben.hx 


0.45 


0.43 


(U2 


0.42 


0.42 


0.46 


0.43 


0.66 


0.59 


II) 


0.86 


Leu njs.hx 


(1.4(1 


ii '.i. 


n 35 


(1.36 


ii 35 


ii 4(1 


0.36 


0.66 


(1.58 


0.83 


II) 



Table 4. Systematic position, autoecology (size, trophic role, altitudinal range, habitat type and stream type, ecological 
category, corology), hemocyanin (he), and hexamerins (hx) presence in nymph and adult stage of studied species. AF, 
Africa; PAL, Palaeartic; PYR, Pyrenees; EU, Europe; EU-AS, euroasiatic; OL, Oloartic; OR, Oriental; MAG, Maghreb; M, 
medium; S, South; N, North. 



Superfumily 


r 'amity 


Species 




Size (mm) 


Diet 


AttitadaJ 


hnhitat 


Life cycle 


Ecological 


Stream 
type 


Corology 


he 


hx 


Pteronareyoidea 


Peltoperlidae 


Crypiaperla 
sp. 
















permanent 


OK 






Syslcllognatha 


Perlidae 


Perta 


1", 2* 3" 1 


16-33 


dciritivourus & 
predator 


160-2800 


rhiihron. 


semivoltine 


rheophikws 
stenolherm 


permanent 


M-S-EU: 
MAG 


hcl:hc2 


yes 


adull 


iin feeding 




hcl:hc2 




PerUt grandis 


1". 2™ 1 . i" 


23 -31 


predator 


465-2500 


h> porhilhron 


semivoltine 


rheophitous 
stenolherm 


permanent 


M-S-EU 


hel: hc2 




adull 


no feeding 




hcl;hc2 




Oinocras 


nymph 


14-31 


predator 


40-2800 


hvporhtthron 


semivoltine 


rheophitous 
stenolherm 


permanent 


EU 


hcl:hc2 


yes 


adull 


no feeding 




no 






n\ m pf| 










semiv oltine 




pe rmanent 


OR 














? 














yes 


l-Jruvoreimi 
IP. 


n\ mph 




? 


9 


? 


semiv oltine 




pe rmanent 






yes 


I'luiliil/lfflil 

sp. 












semiv oltine 










yes 


C 'aroperla sp. 


nv mph 






? 


? 


semivoltine 




permanent 






yes 


Perlodidae 


Isoperh 
grammatiai 


nymph 


II - 16 


predator 


Ocl-04 


rhiihron 


uni vol line 


rheophitous 
stenolherm 


permanent 


EU 


hcl;hc2 


- 


ttoperta 

rivulorum 


adult 


10 - IS 


predalor 




rhiihron 


uni vol line 


orophilous 


permanent 


M-S-EU 


no 




Isoperla 
viridinerxis 


adull male 


10 - 12 


predalor 


101)0-2400 


rhiihron 


semivoltine 


rheophitus 


permanent 


PYR 


no 




Isoperh 

acicttlaris 

acicularis 


nymph 


14-16 


phytophagous & 
detrilivourus 


1620-2152 


rithron 


uni vol line 


rheophitous 
stenolherm 


permanent 




hc2 




adull 






no 




(iuadalgenus 


nymph 


11-18 


predalor 


100-1660 


rhithron and 
mountain 
lakes 


semivoltine 


thermophilous 


temporal 


III 


hoi 




Perlodes 
iniricims 


nv mph 


15-25 


predalor 


800-27011 


rhiihron 


semivoltine 


orophi lous 


permanent 


EU 






Dyctiogenus 
a! pi nuns 


nv mph 


16 ■ 24 


delrilivourus \ 
predalor 


570-2700 


hyporhithron 


semivoltine 


rheophilous 
orophilous 


permanent 


EU 


he 1 : hc2 




Besdolus 
ravizzarum 


nymph 


15-19 


phytophagous 


220-520 


polamon 


uni vol line 




temporal 


M-S-EU 


he2 




Arcpiopteryx 
compactti 


nymph 


15-22 


predalor 


1950-2400 


rhithron and 
mountain 
lakes 


semivoltine 


orophilous 
stenolherm 


permanent 


OL 


he2 




Clhoroperlidae 


Siphonoperla 
tarrentium 


nymph 


7-9 


predalor & 
phytophagous 


30-2000 


rhiihron 


uni vol line 


rheophilous 
orophilous 




M-EU 




yes 


adult 


predalor *: 
phviophaaous 




permanent 






Eulognalha 


Taeniopterygidae 


latniopUtyx 
sianckovitchi 


nymph 


8 - 12.5 


phytophagous 


250-1SOO 


rhiihron 


uni vol line 


rheophilous 


permanent 


S-EU 




yes 


Hntchypu-ru 
risi 


nymph 


8- 12 


phytophagous 


Ilio-I mil 


rhiihron 


uni vol line 


rheophilous 
orophilous 


permanent 






yes 


lirtu-hyplcm 


nymph 


8.5 - 10.5 


phytophagous 


640-1000 


rhiihron 


uni vol line 


thermophilous 


temporal 


II) 






Leuctrxbn 


Leuctra fuscu 


nymph 


6-8 


phytophagous 


-18(10 


ubiquitous 


uni vol line 


rheophi Ions 
mesotherni 


permanent 


EU-AS 




yes 


Leuctra aloisi 


adult 


5-7 


phytophagous 


1400-2245 


rhiihron 


univoiline 


rheophilous 


permanent 


PYR 






Pachyleuctra 
benllochi 


nymph 


II 12 


phytophagous & 
detrilivourus 


1000-2500 


rhiihron 


semivoltine 


stenolherm 


permanent 


PYR 




yes 


adult 










Nemouridae 


Semoura 
hi'speritu' 


nymph 


6-9 


phytophagous 




riiilhron 


univoiline 


rheophi tous 


permanent 


IT 




yes 


Semoura 
cinereu 


adult 


6 10 


delrilivourus 


85-2410 


ubiquitous 


univoiline 


reophilous 
eurvthenn 




PAL 






i'luloih-mtii-ii 
uusania 


nymph 


7-11 


phytophagous 


500-2000 


crenon 


univoiline 


stenolherm 


permanent 


IT 




yes 


Protonemura 
tuberculata 


adult 


7.5 - 10,5 


phytophagous & 
delrilivourus 


-25511 


C'renon 


univoiline 


reophilous 
stenotherm 




PYR 






Amphiiwmura 
sukicollis 


nymph 


4-8 


phytophagous 


240-2100 


rhilron 


univoiline 


reophilous 
eurvthenn 


permanent 


EU 






adull 










C'apniidae 


Capnia 
bifmm 


nymph 


6-9 


phytophagous & 
delrilivourus 






univoiline 


reophilous 
stenolherm 


permanent 


OL 




yes 


adull 


phytophagous 






ves 


Notonemuridae 


Afmnemura 
anhalolae 


nymph 










univoiline 






S-AF 


no 




adull 




no 




Aphanteella 
btdlala 


adull 










univoiline 






S-AF 


no 
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